The Mediterranean Sea (MS) is a semienclosed basin that is considered one of the most oligotrophic seas in the world. In such an environment, inputs of allochthonous nutrients and micronutrients play an important role in sustaining primary productivity. Atmospheric deposition and riverine runoff have been traditionally considered the main external sources of nutrients to the MS, whereas the role of submarine groundwater discharge (SGD) has been largely ignored. However, given the large Mediterranean shore length relative to its surface area, SGD may be a major conveyor of dissolved compounds to the MS. Here, we used a 228 Ra mass balance to demonstrate that the total SGD contributes up to (0.3-4.8)·10
, and 110·10
9 mol for nitrogen, phosphorous, and silica, respectively, which are comparable to riverine and atmospheric inputs. This corroborates the profound implications that SGD may have for the biogeochemical cycles of the MS. Inputs of other dissolved compounds (e.g., iron, carbon) via SGD could also be significant and should be investigated.
Mediterranean Sea | submarine groundwater discharge | nutrients | radium T he Mediterranean Sea (MS) is one of the most oligotrophic seas in the world (1), resulting from an antiestuarine circulation by which Mediterranean intermediate waters export nutrients to the Atlantic Ocean. In such an oligotrophic system, external inputs of nutrients play a significant role in sustaining marine productivity (2) (3) (4) (5) (6) . Among these inputs, atmospheric deposition and riverine runoff have been traditionally considered the major sources of nutrients to the MS (5, 7, 8) . Even though submarine groundwater discharge (SGD) has been recognized as an important source of dissolved compounds (e.g., nutrients, metals, carbon) to the ocean (9) (10) (11) , its role as a conveyor of dissolved chemicals to the MS has been largely overlooked.
SGD into the coastal ocean is composed of fresh meteoric groundwater, which may enter the ocean directly, and former seawater recirculating through permeable sediments (12, 13) . Both types of SGD are important in oceanic chemical budgets, as SGD may become enriched in various solutes (i.e., nutrients, metals, carbon) during its pathway through the coastal aquifer (14) . Previous studies have estimated the fresh groundwater discharge to the MS, using hydrologic approaches (15, 16) , but none of them has evaluated the total SGD flow and the associated total contribution of dissolved compounds to the MS. Because recirculated SGD usually dominates the water flow (12) , its quantification is key to fully understanding the role of SGD in the biogeochemical cycles of nutrients and other chemical species in the MS.
Radium isotopes have been widely used as tracers of SGD, mainly because they are highly enriched in SGD relative to seawater and because they behave conservatively once released into the sea (17) . The approach we followed to estimate the magnitude of SGD into the entire MS is based on a mass balance of 228 Ra (18) . Assuming steady state, 228 Ra outputs must be equal to its inputs, most of which originate from continental margins. By evaluating all of the sink and source terms, the 228 Ra supplied by SGD can be determined as the difference between its inputs and outputs, and this flux can be converted to an SGD flow by characterizing the 228 Ra concentration in the SGD fluids. We used 228 Ra over other Ra isotopes (i.e., 223 Ra, 224 Ra, and 226 Ra) because its half-life (T 1/2 = 5.75 y) is considerably lower than the residence time of the MS waters [∼100 y (19) ]; hence, its radioactive decay is the primary sink of 228 Ra in the MS and allows us to accurately constrain the 228 Ra removal terms (18) .
Results and Discussion
Estimating all the terms of the 228 Ra mass balance requires the characterization of the distribution of 228 Ra in the water column of the MS ( Fig. 1 ; see Methods). The highest 228 Ra concentrations are observed in coastal areas, consistent with radium inputs from continental margins. 228 Ra concentrations measured along the MS mainly reflect the antiestuarine thermohaline circulation of the basin: Surface 228 Ra concentrations generally increase from west to east (from 17 to 34 dpm·m ), implying that waters moving eastward receive 228 Ra from the continental margins at a greater rate than radioactive decay or other forms of removal, and reflecting the evaporation of water (solute concentration). Because Levantine Intermediate Water (LIW), which is regularly formed in the Eastern Mediterranean, flows westward to the Strait of Gibraltar, and there are no other major sources of 228 Ra at intermediate depths, 228 Ra concentrations in LIW generally decrease from east to west (from 29 to 12 dpm·m
−3
). 228 Ra concentrations in deep waters (DW; depth > 600 m) are considerably lower (5-13 dpm·m ; SI Appendix), confirming that the main 228 Ra inputs occur at the uppermost layers.
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Significance
The Mediterranean Sea (MS) is one of the most oligotrophic seas in the world, and external inputs of nutrients are especially relevant to sustaining primary productivity in this basin. Here we evaluate the role of submarine groundwater discharge (SGD) as a source of nutrients to the entire MS, a pathway that has been largely overlooked. This study demonstrates that SGD is a volumetrically important process in the MS, is of a larger magnitude than riverine discharge, and also represents a major source of dissolved inorganic nitrogen, phosphorous, and silica to the MS. ). To calculate the total 228 Ra inventory, the MS was divided into nine subbasins ( Fig. 1) , defined according to their physiography and general circulation patterns (20, 21) . Each subbasin was split into three water layers [surface water (SW), LIW, and DW]. The total 228 Ra inventory for the upper water column of the MS (including SW and LIW; i.e., from 0 to 600 m depth) was obtained from the integration of the box inventories, which were calculated using three different approaches (uniform 228 Ra concentrations with depth, vertical linear interpolation between measured 228 Ra concentrations, and inferring 228 Ra concentrations based on salinity profiles; see Methods and the SI Appendix). The three approaches used resulted in similar total 228 Ra inventories for the upper MS [(37 ± 4)·10 15 dpm, (34 ± 4)·10 15 dpm, and (33 ± 4)·10
15 dpm], allowing us to constrain the total 228 Ra inventory in (35 ± 6)·10 15 dpm. The loss of 228 Ra by radioactive decay is thus of (4.2 ± 0.7)·10
15 dpm·y −1 . The DW layer was excluded from the total inventory because the main 228 Ra inputs to the water column occur at the uppermost layers (18) . In doing so, 228 Ra released from deep sediments can be neglected, but vertical exchange fluxes need to be considered. The migration of 228 Ra from upper waters to DW was estimated from the average 228 Ra box concentrations and from water transfer rates obtained in previous studies (20, 21) . This results in a total 228 Ra loss of (2.0 ± 0.1)·10 15 dpm·y −1 as a result of downward water flow (SI Appendix). In addition, 228 Ra could also be transported downward because of particle scavenging. Assuming a radium residence time with respect to scavenging of ∼500 y (18), the 228 Ra removal resulting from particle scavenging would only be of (0.07 ± 0.01)·10 15 dpm·y 228 Ra that can consist of riverine discharge, atmospheric input, release from sediments, deep water vertical advection, water input through the straits, and SGD.
The input of 228 Ra from river discharge includes Ra in the dissolved fraction and desorption of Ra from river-borne particles (24) . A concentration of 130 ± 50 dpm·m −3 captures all the dissolved 228 Ra concentrations measured in rivers discharging into the MS (SI Appendix). A desorbed 228 Ra flux of 0.5 ± 0. 4 , which is close to the maximum reported in the literature (18, 24) , the atmospheric input of 228 Ra to the entire basin is (0.08 ± 0.03)·10
15 dpm·y
. The flux of 228 Ra released from shelf sediments as a result of diffusion and bioturbation might be highly variable and, in large-scale studies, can represent a major source of 228 Ra resulting from the large extension of the continental shelf (18 Vertical advection of DW can also be a source of 228 ; Fig. 2 ). The highest 228 Ra concentrations are found mainly in SGD dominated by recirculated seawater, as radium mobilization from the solid matrix strongly depends on water salinity. SGD at karstic areas usually shows lower activities than that at granular coastal aquifers. This is for several reasons, including the relatively low (15) . Therefore, fresh groundwater inputs would represent 1-25% of the total SGD inputs to the MS, revealing that seawater recirculating through coastal sediments constitutes the main fraction of SGD inflowing to the MS. As detailed earlier, 228 Ra may be low in fresh groundwater inflowing to the MS (28); therefore, using 228 Ra as a tracer could underestimate fresh (and consequently total) SGD inputs. However, given that significant 228 Ra enrichments (higher than 1,000 dpm·m −3
) may be also found in entirely fresh groundwater springs [e.g., Badum (29) , Sa Nau (30)], and fresh groundwater may be mixed with saline waters before inflowing to the sea, the 228 Ra approach followed in this study is likely capturing most of the fresh groundwater inputs. In any case, such underestimation would not compromise the range of total SGD calculated here.
Normalizing the total SGD to the Mediterranean shore length (64,000 km) (31) . This shore-normalized SGD estimate is in good agreement with local studies conducted along the MS (Fig.  3) , reinforcing the consistency of our estimates. The only other SGD estimate for a basin-wide scale is that of Moore et al. (18) ]. The shore-normalized SGD to the MS is lower than the SGD flow to the Atlantic Ocean, likely as a consequence of the arid/semiarid conditions on the Eastern and Southern Mediterranean coasts (low groundwater recharge rates) and the lack of significant tidal ranges (low tidally pumped SGD). However, when normalizing to the total ocean-sea surface area, SGD to the MS [(110-1,900) ·10 ), highlighting the potential importance of SGD to the MS biogeochemical cycles.
SGD-Derived Nutrient Inputs. Considering the estimated magnitude of SGD to the entire basin, SGD-driven inputs of dissolved compounds (e.g., nutrients, metals, carbon) to the MS could be of great importance and need to be evaluated. Given the oligotrophic nature of the MS, external inputs of essential nutrients for marine productivity (e.g., nitrogen, phosphorous, silica, iron) are particularly important for this basin. The flux of bioavailable nutrients [dissolved inorganic nitrogen (DIN), phosphorous (DIP), and silica (DSi)] supplied by SGD can be estimated from the SGD flow and nutrient concentrations reported in SGD studies along the MS coastline (SI Appendix). This results in SGDdriven fluxes of (20-1,500)·10 9 mol·y −1 DIN, (0.1-4.6)·10 9 mol·y −1 DIP, and (20-650)·10 9 mol·y −1 DSi (Fig. 4) . These figures could be overestimated because some of the recirculated seawater may be nutrient-poor, whereas most of the data used were measured at coastal sites containing a fraction of fresh groundwater. Nevertheless, the enrichment in nutrients of recirculated seawater may be relevant for long-scale recirculation processes (32, 33) , which are the only recirculation processes captured using the 228 Ra approach (because of the long regeneration time of 228 Ra). A conservative estimate of nutrient inputs from SGD can be obtained from the fresh SGD calculated by Zektser et al. (15) and the concentration of nutrients measured in fresh SGD (SI Appendix). Nutrient inputs derived from this conservative approach (30·10 9 , 0.02·10 9 , and 10·10 9 mol·y −1 for DIN, DIP, and DSi, respectively) are at the low end of the estimates from total SGD (Fig. 4) .
The significance of these nutrient fluxes becomes apparent compared with the nutrient supply from rivers (5) and atmospheric deposition (34, 35) to the entire MS (Fig. 4) . Fluxes of nutrients from SGD are comparable to or even higher than those supplied by atmospheric and riverine sources, revealing that SGD is likely a major external source of DIN, DIP, and especially DSi to the MS. Unlike atmospheric inputs (distributed throughout the MS) and riverine discharge (restricted to river mouth surroundings), SGD is essentially ubiquitous in coastal areas. Thus, the relative significance of SGD as a source of nutrients may be even higher for most of the Mediterranean coastal areas, where SGD can represent by far the dominant source of dissolved compounds and the major sustainment for coastal ecosystems.
SGD-derived nutrient inputs to the MS have high DIN:DIP ratios (80:1-430:1), according to the first and third quartiles of the set of data collected (see SI Appendix), mainly because DIP is rapidly removed from groundwater (10) . DIN:DIP ratios from SGD are comparable to those from riverine [40:1-140:1 (5)] and atmospheric [60:1-120:1 (34)] inputs, all of which are well above the average N:P ratio in Mediterranean waters [24:1 in the western basin and 38:1 in the eastern one (6)]. Thus, nutrient inputs from SGD could provide an additional source for the actual P limitation in the MS (36) . The influence of SGD on the nutrient cycling in both coastal areas and open waters should be further studied because a fraction of the nutrient inputs driven by SGD might be removed by biological activity in areas proximal to the discharge sites. This study demonstrates the importance of SGD to the coastal biogeochemical cycles of the MS and emphasizes the need for a better characterization of the SGD-related inputs of dissolved compounds and its inclusion in coastal and basin-wide material balances. Considering the calculated magnitude of the SGD flow, the SGD-driven supply of iron could also rival riverine and atmospheric iron inputs to the MS, as previously suggested for a Western Mediterranean bay (37) . SGD could also represent a relevant source of other compounds to the MS, such as carbon (9) , toxic metals [e.g., Hg (38)], or rare earth elements (39) . . Large-volume seawater samples (100-360 L) were filtered through columns loaded with MnO 2 -impregnated acrylic fiber, which quantitatively adsorbs radium isotopes from seawater (40) . The fibers containing 228 Ra were subsequently ashed, ground, and transferred to sealed counting vials to determine 228 Ra concentrations by gamma spectrometry, using a well-type high-purity Ge detector. Additional data available from the literature (n = 28) were also used to complement the dataset. The 228 Ra data include samples collected at surface (SW, n = 80), intermediate (LIW, n = 15), and deep (DW, n = 13) waters. Three different approaches were used to infer the vertical variability of 228 Ra with depth for all of the stations: assuming uniform 228 Ra concentrations with depth for each layer, linearly interpolating discrete 228 Ra samples collected at different depths, and combining salinity depth profiles with 228 Ra discrete samples (see details in the SI Appendix). For all of the three approaches used, weighted average 228 Ra concentrations for SW (0-220 m depth) and LIW (220-600 m) were estimated for all of the subbasins. These average 228
